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We present a classical analog for Electromagnetically Induced Transparency (EIT). In a system 
of just two coupled harmonic oscillators subject to a harmonic driving force we can reproduce the 
phenomenology observed in EIT. We describe a simple experiment performed with two linearly 
coupled RLC circuits which can be taught in an undergraduate laboratory class. 
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I. INTRODUCTION 



Imagine a medium which strongly absorbs a light beam 
of a certain frequency. Add a second light source, with a 
frequency that would also be absorbed by the medium, 
and the medium becomes transparent to the first light 
beam. This curious phenomenon is called Electromag- 
netically Induced Transparency, or simply EIT JLJ. It 
usually takes place in vapors of three-level atoms. The 
light sources are lasers which drive two different tran- 
sitions with one common level. Most authors attribute 
the effect to quantum interference in the atomic medium, 
involving two indistinguishable paths leading to the com- 
mon state. The dispersive properties of the medium are 
also significantly modified as has been recently demon- 
strated with the impressive reduction of the group veloc- 
ity of a light pulse to only 17 m/s (|-|4| and the "freezing" 
of a light pulse in an atomic medium MM ■ 

In this paper we develop a totally classical analog for 
Electromagnetically Induced Transparency and present a 
simple experiment which can be carried out in an under- 
graduate physics laboratory. The stimulated resonance 
Raman effect has already been modeled classically in a 
system of three coupled pendula by Hemmer and Pren- 
tiss I?]]. Even though many aspects of EIT are already 
present in the stimulated Raman effect, as can be seen 
in & , at that time EIT had not yet been observed jD and 
the dispersive features were not considered. Our model 
involves only two oscillators with linear coupling. The 
experiment is performed with RLC circuits. The inter- 
est of such an experiment and purpose of this paper is 
to enable undergraduate students to develop physical in- 
tuition on coherent phenomena which occur in atomic 
systems. 



II. THEORETICAL MODEL 



We will focus our attention on the simulation of EIT in 
material media composed of three-level atoms in the so- 
called A configuration interacting with two laser fields as 
shown in Fig. 1. The quantum states |1) and |2) represent 
the two ground states of the atom, and the state |0) is 
the excited atomic level. 
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FIG. 1. Energy diagram of a three-level A-type atom inter- 
acting with two laser beams, coupling the two ground states 
to a common excited atomic state. 

The laser field coupled to the atomic transition be- 
tween the states |1) and |0) will be called "pumping (or 
pump) laser" , and the laser coupled to the transition be- 
tween the states |2) and |0) will be the "probe laser". A 
typical experiment consists of scanning the frequency of 
the probe laser and measuring its transmitted intensity. 
In the absence of the pump laser, one observes a standard 
absorption resonance profile. Under certain conditions, 
the addition of the pump laser prevents absorption in a 
narrow portion of the resonance profile, and the transmit- 
ted intensity as a function of the probe frequency presents 
a narrow peak of induced transparency. 

The effect depends strongly on the pump beam inten- 
sity. Typically the pump laser has to be intense so that 
the Rabi frequency Qi associated to the transition from 
state |1) to |0) is larger than all damping rates present 
(associated to spontaneous emission from the excited 
state and other relaxation processes). One of the effects 



of this pump beam is to induce an AC-Stark splitting of 
the excited atomic state. The probe beam will therefore 
couple state |2) to two states instead of one. If the split- 
ting (which varies linearly with the Rabi frequency fl\) 
is smaller than the excited state width, the two levels are 
indistinguishable and one expects quantum interference 
in the probe absorption spectrum. As the Rabi frequency 
fii increases, the splitting becomes more pronounced and 
indistinguishability is lost. The absorption spectrum be- 
comes a doublet called the Autler-Townes doublet. We 
will keep this image in mind to present a classical system 
with the same features. 



A. EIT-like phenomena with masses and springs 
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FIG. 2. Mechanical model used to simulate EIT. 

In order to provide a quantitative description of the 
system we write the equations of motion of particles 1 
and 2 in terms of the displacements x\ and x 2 from their 
respective equilibrium positions: 

p 
x\{t) +-iix\{t) +uj 2 xi(t) - Qfx 2 (t) = —e- 1 '"«' 



We will model our atom as a simple harmonic oscilla- 
tor, consisting of a particle 1, of mass mi, attached to two 
springs with spring constants k\ and K (see Fig. 2). The 
spring with constant k\ is attached to a wall, while the 
other spring is attached to a second particle of mass m 2 
and initially kept immobile at a fixed position. Particle 
1 is also subject to a harmonic force J- s = Fe~ l ( u * t +'t>o). 
If we analyze the power transferred from the harmonic 
source to particle 1, as a function of frequency lo s , in 
this situation we will observe the standard resonance 
absorption profile discussed above (peaked at frequency 
oj 2 = (fci + K)/m). If we now allow particle 2 to move, 
subject only to the forces from the spring of constant 
K and a third spring of constant k 2 , attached to a wall 
(see Fig. 2), this profile is modified. As we shall see, 
depending on the spring constant K 7 we can observe a 
profile presenting features similar to EIT evolving to an 
Autler-Townes- like doublet (as a matter of fact, this dou- 
blet is simply a normal- mode splitting). For simplicity, 
we will consider the situation in which k\ = k 2 = k and 
nil = fn 2 = m. 

The physical analogy between our model and the three- 
level atom coupled to two light fields is simple. As 
mentioned, the atom is modeled as oscillator 1 (parti- 
cle 1), with its resonance frequency uj\. Since we chose 
k\ = k 2 = k and m\ = m 2 — m, we have the analog 
of a degenerate A system. The pump field is simulated 
by the coupling of oscillator 1 to a second oscillator via 
the spring of constant K (reminding us of the quantized 
description of the field, in terms of harmonic oscillators). 
The probe field is then modeled by the harmonic force 
acting on particle 1. 



± 2 {t) + J 2 x 2 {t)+uj 2 x 2 (t) - f#ci(<) = , (1) 

where we set <j> s = for the probe force without loss of 
generality. We also defined fi 2 = K/m, the frequency as- 
sociated with the coherent coupling between the pump- 
ing oscillator and the oscillator modeling the atom, 71 
the friction constant associated to the energy dissipation 
rate acting on particle 1 (which simulates the sponta- 
neous emission from the atomic excited state), and 72, 
the energy dissipation rate of the pumping transition. 

Since, we are interested in the power absorbed by par- 
ticle 1 from the probe force, we will seek a solution for 
X\{t). Let us suppose that x\{t) is of the form 



X\{t) = Ne" 



(2) 



where A is a constant. After taking a similar expression 
for x 2 {t) and substituting in eq. (pi), we find 



Xl{t) 



(lu 2 - lj'I - i"f 2 bj s )Fe~ 



i[{uj 2 -to 2 - ijiu s )(uj 2 - uj 2 - i~f 2 uj s ) - Clf] 



(3) 



Now, computing the mechanical power P(t) absorbed 
by particle 1 from the probe force !F S , 



P(t) = Fe-* -*afi(t) , 



(4) 



we find for the power absorbed during one period of os- 
cillation of the probe force 



Ps(uJs) 



2iriF 2 Lo s (uo 2 — u% — i"f 2 uj s ) 



m[(u; 2 - cd 2 - Z7iw s )(w 2 - wf - ij 2 ui s ) - Qf] 



(5) 



In Fig. 3 we show the real part of P s (lu s ), for six 
different values of the coupling frequency tt r expressed 
in frequency units. These curves were obtained using 
the val ues 7 1 = 0.1 x 1CT 6 , 72 = 0.4 x 10~\ and 
u)o = y/k/m = 2.0, all expressed in the same frequency 



units. The amplitude F/m was taken equal to 0.1 force 
per mass units. 

For Q r — we have a typical absorption profile, with 
a maximum probe power absorption for S = 0, being 5 
the detuning between the probe and the oscillator fre- 
quencies (S = lu s — to). Incrementing the value of Q r to 
0.1, we observe the appearance of a narrow dip in the ab- 
sorption profile of the probe power. This zero absorption 
at the center frequency of the profile is an evidence of 
a destructive interference between the normal modes of 
oscillation of the system . A further increment of the 
coupling frequency leads to the apparition of two peaks 
in the probe power absorption profile, that are clearly 
separated for Q r = 0.5. This effect in atomic systems is 
called the AC-Stark splitting or Autler-Townes doublet. 
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oscillation. In other words, there should be no signifi- 
cant increase of dissipation in the system by adding the 
pumping oscillator. In the case of EIT M, the condition 
analogous to 72 <C 71 is that the transfer rate of popu- 
lation from the atomic ground state |1) to |2) should be 
negligible (see Fig. 1). In both situations, the violation 
of this condition obstructs the observation of the induced 
transparency. 

Another important result reproduced with this me- 
chanical model is the dispersive behavior of the mass 
oscillator used to simulate the atom. The dispersive re- 
sponse is contained in the real part of the frequency de- 
pendence of the amplitude of oscillation x\(t) of particle 
1, given by eq. (|3|). In Fig. 4 we plot this quantity for 
fl r = 0.1. This value of tt r corresponds to the situation 
when the induced transparency is more pronounced and, 
as we can see from Fig. 4, the dispersion observed, in 
the frequency interval where we have the induced trans- 
parency, is normal and with a very steep slope. 



-0.050 



-0.025 



0.000 



0.025 



0.050 



a 2.5 



0.0 



-2.5 



1.40 
1.05 
0.70 
0.35 
0.00 



1 1 ' 


(a) 


1 


\ (b) 
1 



-0.1 0.0 0.1 

Detuning, co - to (frequency units) 



-0.1 

Detuning, 



0.0 0.1 

id (frequency units) 



FIG. 3. Frequency dependence of the absorption of the 
probe energy by particle 1. The values of Q r in each case 
are (a) 0.0 , (b) 0.1 , (c) 0.2 , (d) 0.3 , (e) 0.4 , and (f) 0.5 , 
all expressed in frequency units. 

An important fact to be pointed out is that the dissipa- 
tion rate 72 , associated to the energy loss of the pump- 
ing oscillator, must be much smaller than 71 in order 
to achieve a regime of coherent driving of particle l's 



FIG. 4. Dispersive (a) and absorptive (b) responses of the 
probe power transferred to particle 1, for fl r = 0.1 frequency 
units. 

This result coincides with that reported before in an 
experimental realization of clcctromagnetically induced 
transparency [[L0|. It is also important to point out 
that this very steep normal dispersion is responsible for 
the recently observed slow propagation of light (slow 
light) (|-Ql, and the "freezing" of a light pulse in an 



atomic medium [|5||J. It should therefore be possible to 
observe such propagation effects considering absorption 
in a medium consisting of a series of mechanical 'atom- 
analogs'. 

This theoretical model is not the only classical one 
to simulate EIT-like phenomena. As mentioned, in this 
model the pump field is replaced by a harmonic oscillator, 
simulating a quantum-mechanical description. In most 
theoretical descriptions of EIT in atomic media, pump 
and probe fields are classical. The mechanical analog to 
this description would then involve only one oscillator 
(one particle of mass m). In this analysis, it becomes 
apparent that EIT arises directly from a destructive in- 
terference between the oscillatory forces driving the par- 
ticle's movement. In order to keep the text simple, we 
have chosen to not present this description here. Fur- 
thermore, it is not related to the experimental results 
presented below. 



III. EIT-LIKE PHENOMENA IN COUPLED RLC 

CIRCUITS: A SIMPLE UNDERGRADUATE 

LABORATORY EXPERIMENT 



An experiment to observe the predictions of the previ- 
ous section, although possible, would not be straightfor- 
ward. Instead, we decided to use the well-known anal- 
ogy between mechanical oscillators and electric circuits 
to perform a simple experiment. The electric analog to 
the system of Fig. 2, is the circuit shown in Fig. 5, where 
the circuit mesh composed by the inductor L\ and the 
capacitors C\ and C simulates the pumping oscillator, 
and the resistor R\ determines the losses associated with 
that oscillator. The atom is modeled using the resonant 
circuit formed by the inductor L 2 , the capacitors C 2 and 
C, and the resistor R 2 represents the spontaneous ra- 
diative decay from the excited level. The capacitor C, 
belonging to both circuit meshes, models the coupling 
between the atom and the pumping field, and determines 
the Rabi frequency associated to the pumping transition. 
In this case, the probe field is simulated by the frequency- 
tunable voltage source Vs- 




The circuit mesh used to model the atom has only 
one resonance frequency representing the energy of the 
atomic excited level. That is to say, the probability of ex- 
citation of this circuit will be maximal when the applied 
harmonic force is on resonance. Since in this case we 
have two possible paths to accomplish this excitation, we 
are dealing with the analog of a three-level atom in the 
A configuration. Namely, the oscillator corresponding to 
the 'atom-analog' can be excited directly by the applied 
voltage V s or by the coupling to the pumping oscillator. 

Here again the induced transparency is investigated 
analyzing the frequency dependence of the power P 2 (iu s ) 
transferred from the voltage source Vs to the resonant 
circuit R 2 L 2 C e2 , 



p 2 (uj s ) = ^{v s in , 



(6) 



where Vs and I 2 are respectively the complex represen- 
tations of Vs and ii(f), and the equivalent capacitor C e2 
is the series combination of C and C2 : 



C, 



cc 2 
c + c 2 



(J) 



Setting Li = L 2 = L (m\ = m 2 = m in the mechan- 
ical model) and writing the equations for the currents 
i\(t) = q\(t) and i 2 (t) = qz(t) shown in Fig. 5, we find 
the following system of coupled differential equations for 
the charges q\ (t) and q 2 (t) : 



qi(t) +Jiq\(t) +w?ffi(t) - n 2 r q 2 (t) = 



<Z2(t) +7292(4) +w|«2(t) ~ fi?«l(t) = 



Vs(t) 



(8) 



Here 1% = R l /L l (i = 1,2), w? = l/(LiC ei ), and n 2 r = 
1/(L 2 C). These equations coincide with the eqs. (0) us- 
ing the correspondences shown in Table 1 and w\ = lu 2 . 
Therefore, both models describe the same physics. 



Mechanical model 


Electrical model 


7i (72) 

mi (mj) 

fci (fa) 

K 

Xi (x 2 ) 

(F/m) e" J ^* 


Ri/U. (R2/L2) 
Li (£3) 

1/d (I/C2) 

1/C 

9i (92) 

Vs(t)/L 2 



TABLE I. Correspondences between the mechanical and 
electrical parameters. 



FIG. 5. Electric circuit employed to investigate the induced 
transparency. 



Once the current 12(f) (or I 2 ) is known, the expression 
that determines the power P 2 (lu s ) as a function of the 
frequency ui s of the applied voltage, when the switch SW 
in Fig. 5 is closed, is given by 



P2K) 



pl(uj s ) 



where 



pl(ui s ) = R 2 



pl(uj s )2 + p2(u s ) 2 

Ril^sC? 



\As? 



R\ + (w,Li - l/(oj s C el )Y 



(9) 



(10) 



p2(iO s ) = (w s i 2 - l/(w 8 Ce2)) - 

Ef + ( Ws i 1 - l/(^ s C el )) 2 



(11) 



being C e \ the equivalent capacitor given by the series 
combination of C and C\ and ^4s represents the ampli- 
tude of the applied voltage. On the other hand, when 
the switch is open we have 



P^s) 



Rl 



R 2 + (w s L 2 



i/(u s c e2 )y 



\Ac 



(12) 



There are many ways of measuring the power P 2 (uj s ). 
We have chosen to measure the current flowing through 
the inductor L 2l which has the same frequency depen- 
dence as P 2 (u> s ). We actually measure the voltage drop 
across the inductor L 2 and integrate it to find a voltage 
proportional to the current flowing through the inductor. 
This voltage is an oscillatory signal at the frequency u) s . 
We are interested in the amplitude of this signal, which 
we read off an oscilloscope. 

In Fig. 6 are presented the experimental amplitudes 
measured, corresponding to four different values of the 
coupling capacitor C . For each value of the coupling ca- 
pacitor a measurement was made in two situations: with 
the switch open (open square) and with the switch closed 
(open circle). In Table 2 we present the specifications of 
the electronic components used in the experiment. 



Electronic component 


Value 


Ri 


Ohms 


R2 


51.7 Ohms 


Li 


1000 /i H 


L 2 


1000 (X H 


Ci 


0.1 (iF 


C 2 


0.1 jjF 



TABLE II. Specifications of the electronic components 
used in the experiment. 




-20 20 40 60 -20 20 40 60 

Detuning, f - f^ (kHz) Detuning, f^ - f Ros (kHz) 

FIG. 6. Power transferred to the circuit R2.L-2Ce.-2, as a func- 
tion of the frequency u>„ for different values of the coupling ca- 
pacitor C . The values of C in each curve are (a) C = 0.196^1 F, 
with resonance frequency fp; cs = u>2f2n — 20.0 kHz, (b) 
C = 0.150^ F, f Ros = 19.5 kHz, (c) C = 0.096^ F, 
f R ,cs = 21.5 kHz, (d) C = 0.050^ F, f Rcs = 26.5 kHz. The 
open squares correspond to measurements made with the 
switch SW open (see Fig. 5), which is equivalent to turning 
the pump off. The open circles correspond to measurements 
made with the switch closed. The solid curves are a compari- 
son to the theory presented in § III . The evolution from EIT 



to the Autler-Townes regime is clearly observed. 

As we can see from Fig. 6, in the open switch config- 
uration (no pumping) we have a maximum coupling of 
electrical power from the voltage source Vs to the res- 
onant circuit R 2 L 2 C e2 at the resonant frequency (zero 
detuning). When the switch is closed, that is to say, the 
pumping circuit (pumping force) is acting on the reso- 
nant circuit R 2 L 2 C e2 , we have a depression of the ab- 
sorption of the electrical power of the voltage source at 
zero detuning. This fact corresponds to the transparent 
condition, and is more pronounced when the value of the 
coupling capacitor is reduced, corresponding to an incre- 
ment of the Rabi frequency of the pumping field in elec- 
tromagnetically induced transparency studied in atomic 
systems. 

Here, as in the experiments with atoms and light, the 
observed transparency can be interpreted as a destructive 
interference. In this case, the inteference is between the 
power given by the voltage source to the resonant circuit 
R 2 L 2 C e2 , and the power transferred to the same circuit 
from the other os cillat or representing the pumpimg force. 
As explained in § 11 A , it can also be viewed as an inter- 
ference between the two possible excitation paths cor- 



responding to the normal modes of the coupled oscilla- 
tors. For the minimum value of C used in our experiment 
(see Fig. 6(d)), we observe two absorption peaks, as the 
classical analog of the Autler-Townes effect or AC-Stark 
splitting, which correspond to the splitting of these nor- 
mal modes. We should also point out that the smallest 
coupling value we used (Fig. 6(a)) did not lead to an in- 
finitely narrow transparency peak as would be expected 
from the value R\ = 0. This is probably due to internal 
"residual" series resistances of the components we used. 

The solid lines shown in Fig. 6 represent the theoretical 
results obtained using eqs. (||) or (|l2|). These curves are 
not intended to fit exactly the experimental data since 
our measurements are affected by the frequency response 
of the integrator used to derive the voltage proportional 
to the current in the inductor Li. It is not our purpose 
to analyze in detail the deviations of our system from the 
ideal model proposed. 

It is also possible to measure the dispersive response 
of our 'atom-analog'. One has to analyze the relative 
phase between the oscillating current flowing through in- 
ductor Li and the phase of the applied voltage. This 
measurement is best if performed with a lock-in ampli- 
fier. Since this equipment is not usually available in un- 
dergraduate laboratories, we prefer to describe a simple 
procedure which does not lead to a real measurement 
to be compared with the theoretical prediction (Fig. 4). 
We observe the oscillatory signal on the oscilloscope cor- 
responding to the current flowing through the inductor, 
with the trigger signal from the voltage source Vs (t) . The 
phase of the sinusoidal signal is observed to "jump" as 
we scan lu s across the absorption resonance and trans- 
parency region. If we scan lo s increasing its value, we 
observe three abrupt phase variations, with the interme- 
diate one being opposite to the other two. This is exactly 
what we would expect from Fig. 4. 



IV. CONCLUSION 



We have shown that EIT can be modeled in a totally 
classical system. Our results extend the results of Hem- 
mer and Prentiss H to EIT-like phenomena, with the use 
of only two coupled oscillators instead of three. We also 
deal with the dispersive response of the classical oscilla- 
tor used to model the three-level atom. We performed 
an experiment with coupled RLC circuits and observed 
EIT-like signals and the classical analog of the Autler- 
Townes doublet as a function of the coupling between 
the two RLC circuits. The experiment can be performed 
in undergraduate physics laboratories and should help 
form physical intuition on coherent phenomena which 
take place in atomic vapors. 
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